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Abstract: Cancer is one of the leading diseases, causing deaths worldwide. Nearly 10 million deaths
were reported in 2020 due to cancer alone. Several factors are involved in cancer progressions, such
as lifestyle and genetic characteristics. According to a recent report, extracellular vesicles (EVs)
are involved in cancer initiation, progression, and therapy failure. EVs can play a major role in
intracellular communication, the maintenance of tissue homeostasis, and pathogenesis in several
types of diseases. In a healthy person, EVs carry different cargoes, such as miRNA, IncRNA etc., to
help other body functions. On the other hand, the same EV in a tumor microenvironment carries
cargoes such as miRNA, IncRNA, etc., to initiate or help cancer progression at various stages. These
stages may include the proliferation of cells and escape from apoptosis, angiogenesis, cell invasion,
and metastasis, reprogramming energy metabolism, evasion of the immune response, and transfer of
mutations. Tumor-derived EVs manipulate by altering normal functions of the body and affect the
epigenetics of normal cells by limiting the genetic makeup through transferring mutations, histone
modifications, etc. Tumor-derived EVs also pose therapy resistance through transferring drug efflux
pumps and posing multiple drug resistances. Such EVs can also help as biomarkers for different
cancer types and stages, which ultimately help with cancer diagnosis at early stages. In this review,
we will shed light on EVs’ role in performing normal functions of the body and their position in
different hallmarks of cancer, in altering the genetics of a normal cell in a tumor microenvironment,
and their role in therapy resistance, as well as the importance of EVs as diagnostic tools.

Keywords: cancer; extracellular vesicles; diagnostic tools; long non-coding RNAs; miRNA; angiogenesis;

immune response; metastasis; exosomes

1. Introduction

Cancer is a disease in which the body’s cells grow uncontrollably and spread through-
out. Normally, cells replicate, grow according to the body’s need, and either die with
the aging process or are not needed due to damage [1]. On the other hand, cancer cells
keep proliferating and evade apoptosis. When a tumor develops, it can be confined to
the primary location and does not spread to another area (called benign). However, some
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cancer cells can evade and move to other tissues away from their primary site, and such
tumors are called malignant. The process by which cancer cells invade other body sites is
called metastasis [2]. Before a normal cell becomes cancerous, the cell undergoes a series of
transformations. These transformations are (1) dysplasia, (2) hyperplasia, and (3) carcinoma
in situ. Cells grow faster and accumulate on site in dysplasia, which, as per the National
Institute of Cancer, is a term used to describe the presence of abnormal cells within a tissue
or organ. Dysplasia is not cancer, but it may sometimes become cancer. Dysplasia can be
mild, moderate, or severe, depending on how abnormal the cells look under a microscope
and how much of the tissue or organ is affected. Hyperplasia is a more advanced form of
dysplasia. In hyperplasia, there is an increase in the number of cells in an organ or tissue.
These cells appear normal under a microscope. They are not cancer but may become cancer.
The last transformation is carcinoma in situ. It is the most advanced form that occurs before
metastasis. Carcinoma in situ is a clump of abnormal cells that will not migrate beyond
the site where they first developed, but they may subsequently spread into normal tissue
and cause cancer. Therefore, they are also called Stage-0 diseases. The distinction between
dysplasia and carcinoma in situ, in many cases, is difficult. The most advanced form that
occurs before metastasis occurs is infiltrating carcinoma. Some tumors can metastasize and
others do not. Carcinoma in situ has higher chances to evolve and become actual cancer
by metastasis [3]. Some of the main unique characteristics of cancer cells are: (a) they may
grow in the absence of signals; (b) as mentioned earlier, they can evade programmed cell
death or apoptosis; (c) they may spread to other parts of the body by invading adjacent
regions (wWhen normal cells contact other cells, they cease growing, and most normal cells
do not migrate across the body. Such a condition is also termed epithelial to mesenchymal
transition, where cancer cells move to other parts of the body); (d) they direct blood vessels
to grow towards tumors for nutrient supply—this is also called angiogenesis; (e) they can
evade the immune response—in fact, sometimes they can trick the immune system into
helping them grow and stay alive; (f) can they alter the number of chromosomes, causing
cell mutation, thereby changing their genetic composition; (g) they rely on nutrients that
are different from normal cells [4]. Cancer can be of different types; there have been more
than 200 types of cancer reported. Cancers can also be classified based on the type of cell
involved, such as epithelial or squamous cells. Some of the most common types of cancer
(based on a specific type of cells) are carcinomas, sarcoma, leukemia, lymphoma, multiple
myeloma, melanoma, brain, and spinal cord cancers [5].

In recent years, more research has demonstrated the role of extracellular vesicles (EVs)
in cancers. EVs are small cell components that can transport various kinds of bioactive
molecules. They carry cargo that is involved in various signaling pathways, which are
important in preventing diseases [6]. Despite their importance, a recent paper, focused on
cancer, reviewed the interesting role of EVs’ cargo in cancer cell proliferation by altering
pathways, escaping apoptosis, promoting metastasis, aiding angiogenesis, evading immune
responses inducing therapy resistance, etc. [7]. Some clinical research revealed that EVs
are a diagnostic tool as biomarkers and that they are useful for cancer therapy [8-10]. In
addition, some research also showed the possible role of EVs in altering the genetic content
in the tumor microenvironment [11,12]. This review will provide an overview of EVs and
their role in normal and tumor microenvironment conditions. Furthermore, we discussed
the role of (tumor-derived) EVs in various hallmarks of cancer, altering the genetic content
in the tumor microenvironment (TME). The possible ways and new dimensions in which
EVs can be used in the diagnosis and treatment of cancer will also be discussed in this
review. In addition, the history of exosomes, their role in disease (cancer) progression and
diagnosis, as well as their therapeutic efficacy, will also be highlighted here.

2. Extracellular Vesicles (EVs)
2.1. History, Functions, and Size of EVs

EVs are lipid bilayer vesicles released by cells into the extracellular environment [13].
They are small cell components that can exclusively transport bioactive molecules. To
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understand the history of EVs, we need to look three decades back. In reticulocytes,
the transferrin receptors are associated with small vesicles that are approximately 50 nm
(nanometer) in size. It was reported, around 30 years ago, in two 1983 papers by Clifford
Harding and Philip Stahl in JCB and by Bin-Tao Pan and Rose M. Johnstone in Cell [14,15],
published within a week of each other. The name “exosome” was kept later by Rose
Johnstone, but the term was used earlier while referring to other membrane fragments
that are isolated from biological fluids [16,17]. In the year 1997, a paper published by
Philip Mitchel and his team from the European Molecular Biology Laboratory (Heidelberg,
Germany) used the term “exosome complex”, but for a very different context, as it was
meant for intracellular particles involved in RNA editing [18]. Later the nomenclature
“exosomes” was adapted for 40-100 nm particles released during reticulocyte differentiation
as a result of multivesicular endosome fusion with the plasma membrane [19,20]. A decade
later, exosomes were found to be released by B-lymphocytes and dendritic cells in a similar
way [21,22]. Later, it was found that, in cytotoxic T cells, platelets, mast cells, neurons,
oligodendrocytes, Schwann cells, and intestinal epithelial cells that released exosomes in a
similar fashion [23,24]. EVs have a size range of 30-1000 nm. Based on their cellular origin
or biogenesis, EVs can be divided into exosomes, microvesicles, apoptotic bodies, and large
oncosomes [25]. The EVs can operate locally by altering the behavior of adjacent cells, or
they can function systemically by travelling via the bloodstream or lymphatic system and
impacting cells far away [13].

EVs can be employed as biomarkers because of their molecular composition in the
blood or other bodily fluids, which can offer information about their tissue of origin. In
addition, they can be utilized to transport and deliver therapeutic molecules because they
can target specific tissues and be taken up by specific cells [9]. The specific functions of EVs
depend on the cell source and origin.

2.2. Cell Source of EVs

EVs have been identified in prokaryotes and eukaryotes from the last few decades
as effective intercellular communication carriers. This is due to their ability to transport
metabolites, proteins, and nucleic acids, impacting both the recipient and parent cells’
physiological and pathological activities. Some EVs are formed through outward budding
or fission. For example, microvesicles, a type of EVs, are formed by the outward budding
and fission of the plasma membrane [9]. They originate from vesicles shed by the plasma
membrane and are pinched off directly from the plasma membrane [26,27]. Microvesicles
have a diameter of 200-1000 nm [28], with a density of 1.04-1.07 g/mL, while some are
below 50 nm in diameter, having a density of 1.10-1.18 g/mL [29]. Another type of
EVs, called exosomes, are formed within the endosomal network further released with
multivesicular bodies of the plasma membrane [28]. The exosomes are intraluminal vesicles
(ILVs) that are discharged into the extracellular environment when multivesicular bodies
(MVBs) fuse with the plasma membrane [26]. Exosomes (also called small EVs or sEVs)
have a diameter of 30-150 nm and a density of 1.13-1.19 g/mL [28]. The third type of EVs,
called apoptotic vesicles, are released as blebs of cells that undergo apoptosis [30]. When the
plasma membrane blebs during apoptosis, apoptotic bodies are discharged, or put simply,
are derived from cells undergoing apoptosis [26]. Apoptotic bodies/vesicles range from
100-1000 nm, 1000-5000 nm, and they have densities ranging from 1.16-1.28 g/mL [29].
Large oncosomes are released by tumor cells and originate from plasma membrane shed
vesicles [31]. They have a diameter of 500-4000 nm or 1000-10,000 nm, and their density
varies from 1.10-1.15 g/mL. EVs serve a core role in the pathogenesis of diseases and
tissue homeostasis.

Different cells release EVs that carry some bioactive component to the recipient cells
from one cell [26]. Macrophages, intestinal epithelial cells, fibroblasts, mast cells, platelets,
apoptotic lymphocytes, cells of the thymus, etc., all secrete EVs that carry cargoes which
aid with different functions [32-34]. More detailed, but still not exhaustive, information of
the source of EVs and EV cargoes, with their specific functions, are summarized in Table 1.
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Table 1. List of source and functions of EVs (cargoes) released from normal cells.

S. No. Source of EVs Functions of EVs/EV Cargoes References
1 CD9-containing vesicles Sperm and egg fusion [35]
> Oocvte Remove sperm receptor to [36]

y prevent polyspermy g
EVs to communicate with
. environment in blastocyst;
3 Embryonic stem cells trophoblast migration and 371
invasive properties
4 B Lymphocytes To activate T cells [38]
. . RNA cargo influencing
5 Antigen-presenting cells immune cell behavior [39]
miRNA cargo represses mRNA
6 Dendritic cells expression target in acceptor [39]
dendritic cells
miRNA cargo suppresses
7 Regulatory T cells inflammatory responses of [40]
helper T1 cells
8 Neurons and glia cells Facilitate mt.ercgllular [41]
communication
mi-124a cargo uptake by astrocytes
? Neurons upregulates expression of GLT1 [42]
Neurons intake myelin proteins and
. oxidative stress-protective proteins,
10 Oligodendrocytes causing changes in neuronal firing 431
rates and gene-expression profiles
. Inhibiting differentiation and
11 Oligodendrocyte myelin formation [44]
1 Schwann cells Enhance regeneration capacity after [45]
sciatic nerve injury
Suppress the production of
13 Microglia sphingolipid ceramides and [46]
& sphingosine to regulate
neuronal excitability
EVs expose a highly procoagulant
14 CeflinOnf f:érsig :]sjiltZOd tissue factor, implying that EVs play [47]
a role in hemostasis
Matrix metalloproteinases cargoes
15 Endothelial cells enhance matrix degradation and [48]
promotes angiogenesis
Promotes cell proliferation, the
16 Platelets migration of endothelial cells, [49]
and vessel formation
Prohibits VEGF pathway and, thus,
17 Lymphocyte-derived EVs suppresses angiogenesis and [50]
augments oxidative stress
18 Stem-cell-derived EVs Bioactive cargoes have [51]

regenerative abilities

3. Intracellular Transfer of Traits between Microenvironment and Tumor Cells

Two mechanisms promote tumor development and progression: genetic/epigenetic
alterations in tumor cells, and the reconfiguration of the constituents of the tumor mi-
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croenvironment via reciprocal and dynamic interaction [52,53]. As the center of the tumor
microenvironment, tumor cells employ sophisticated signaling networks to influence the
function of cellular and non-cellular components to use non-malignant cells to their advan-
tage [54]. The result of such an interaction is shown in tumor development and upkeep, and
in inadequate therapeutic response and multidrug resistance (MDR). In all stages of cancer
growth and metastasis, non-malignant cells in the tumor microenvironment are known to
endorse tumorigenesis [55,56]. A dense network of cytokines, chemokines, growth factors,
inflammatory mediators, and matrix-remodeling enzymes are the source of intercellular
communication, but additional and intriguing ways of contact are surfacing. Circulating
tumor cells (CTCs), exosomes, cell-free DNA (cfDNA), and apoptotic bodies are exam-
ples of new horizontal gene transfer (HGT) mediators which produced from tumor cells
and convey information to remote target cells, such as tumor cells and normal cells [54].
The uptake of EVs by recipient cells helps undertake their intercellular communication
function. In EV-mediated drug resistance, bidirectional interactions between the tumor
microenvironment and tumor cells also play a significant part [57].

4. Derived EVs and Epigenetic Biology of EVs

The study of inherited gene-expression modifications without any variations in
genotype is known as epigenetics [58]. A variety of pathological diseases, neurological,
metabolic, and immunological disorders, and cancer are associated with changes in the
epigenetic regulation of gene expression. This refers to modifications to the genome that
are functionally relevant but that do not modify the nucleotide sequence while impacting
gene expression, ultimately leading to major changes in the tumor microenvironment and
influencing various stages of cancer [25,59]. DNA methylation at particular gene pro-
moters, histone modifications, chromatin regulator changes, and miRNA rearrangements
are examples of abnormal epigenetic modifications in cancer [60,61]. As a result, these
epigenetic abnormalities may contribute to neoplastic tumor transformation and enable
cancer immune evasion, metastasis, and both innate and acquired treatment resistance.
However, unlike DNA mutations, changes in the epigenome associated with cancer are
potentially reversible, which opens up the possibility that “epigenetic drugs” may have a
powerful impact on the treatment regimens of various cancers. Below, we have discussed
some of the epigenetic changes that EVs impact.

4.1. Methylation of DNA Influenced by EV's

Methylation is the addition of a methyl group to the 5-carbon position of cytosine in
particular regions of DNA (CpG sites). One of the most ubiquitous mechanisms regulating
the transcription of oncogenes and anti-oncogenes is a dynamic change in DNA methyla-
tion. DNA methyltransferase 1 (DNMT1) and DNA methyltransferase 3a (DNMT3a) and 3b
(DNMT3b) add methyl groups to particular cytosine in regulatory sequences’ CpG islands,
thereby silencing them [62]. Genes involved in cell cycle regulation (CDKs), intracellular sig-
naling, DNA repair mechanisms including homologous recombination, nucleotide excision
repair, mismatch excision repair, and apoptosis are highly affected by methylation [61,63].
DNA methylation alterations lead to impaired tumor immunogenicity and immune recog-
nition by inhibiting the expression of major molecules required for the interaction of cancer
cells with the host’s immune system. These epigenetic changes can potentially impact all as-
pects of the antigen process, including tumor-associated antigen expression and processing,
MHOC class I molecule production, and accessory/co-stimulatory surface protein expres-
sion [64—66]. Furthermore, EVs can promote the malignant transformation of normal cells
due to their oncogenic bioactive contents. They can easily modify the methylation status of
the genome by inducing certain minor changes in the epigenetic modifications [67].

4.2. RNAs and EVs as the Key Players for Cancer Progression

Several studies have confirmed the importance of microRNAs (miRNAs) found in the
cargo of EVs on cancer cell proliferation and apoptosis. In the case of leukemia, when EVs



Cells 2022, 11, 490

6 of 40

from leukemia patients were compared to EVs from healthy donors, they showed a distinct
miRNA profile, which indicates the involvement of miRNA in this type of cancer [68].
PTEN (phosphatase and tensin homolog) expression, and its downstream proteins p21 and
cyclin D1, are affected by EVs that are shed by esophageal cancer cells, carrying miR-93-5p
to recipient cancer cells, which upregulates cell proliferation [69]. EVs carrying miR-1246
in breast cancer cells, which suppresses cyclin-G2 and miR-205, lead to cell proliferation
in cholangiocarcinoma. The enhancement of cellular proliferation in colon cancer was
attributed to EVs shed by colon cancer cells with high levels of miR-193a and mir-200b. In
gastric cancer cells, the cells with EVs carrying miRNA were found to influence cancer cell
proliferation via CD97-associated pathways. These included the MAPK (mitogen-activated
protein kinase) pathway; the experimental setup used Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis to identify it. Through post-transcriptional suppression of the tu-
mor suppressor gene PDCD4 (programmed cell death 4), EVs carrying miR-21 from ovarian
serous carcinoma cells significantly led to malignant transformation and progression [70].

LncRNAs (long non-coding RNAs) are a type of non-coding RNAs. They are around
200 nucleotides long. These RNAs only transcribe, not translate, into proteins. They act as
significant regulators of gene expression [71]. LncRNAs can exert epigenetic regulation by
recruiting histone-modifying complexes or other regulatory proteins at particular DNA
target areas, which can silence or activate gene promoters [72]. For instance, MALAT1
(metastasis-associated lung adenocarcinoma transcript 1) is a cancer-related IncRNA that
has been frequently observed. MALAT1 overexpression has been linked to enhanced
cell proliferation, invasion, metastasis, apoptosis evasion, a failure in the DNA repair
process, and tumor-promoting inflammation; therefore, it can be used in cancer diagnosis
and prognosis [71-73]. LncRNA’s content in extracellular vesicles may correlate with
tumor development, metastasis, and treatment response. TUC339, a long non-coding RNA
identified in extracellular vesicles produced from HCC cells (hepatocellular carcinoma
cells), has been linked to tumor development, adhesion, and cell cycle progression [74].

LncRNA ZFAS1 carrying EVs released by gastric cancer cells has a significant role in
cancer cell proliferation. In an experiment (in vitro), the knockdown of LncRNA ZFAS1
indicated lower cell progression and apoptosis; it also inhibited epithelial to mesenchymal
transition, while its presence proved the reverse in gastric cancer, since, it favored cancer
cell growth [75]. In colorectal cancer, IncRNA PVT1 has a correlated expression with c-Myc
and its regulating genes (NPM1, FUBP1, and EZH2); PVT1 targeted siRNA that transfected
SW480 and SW620 cell lines. PVT1 is also correlated with the expression of PVT1-associated
transcript nuclear factor kB, as well as myocyte-specific enhancer 2A. Higher expressions
of PVT1 also correlated with a higher expression of c-Myc, which is a proto-oncogene; they
are functionally responsible for cell growth and escape from apoptosis. EVs secreted by
gastric cancer cells contain the IncRNA ZFAS1. When EVs from esophageal cancer patients
were compared to EVs from healthy people, the IncRNA ZEB1-AS1 was found at greater
levels, indicating a clinical impact [76].

MicroRNAs, functional mRNAs, and IncRNAs, and their regulators, are among the
components in the EV cargo that may be implicated in the intercellular transmission
of drug resistance [7]. Certain mRNAs mediate the intercellular transmission of drug
resistance. DNA methyltransferase 1 (DNMT1) mRNA was found to play a key role
in EV-mediated cisplatin resistance in an ovarian cancer xenograft mouse model [77].
Additionally, Glutathione S-transferase P (encoded by GSTP1 gene) an enzyme having
capability to detoxify damaging chemicals from affected cells, was transferred to sensitive
cells in TME. It is observed that in breast cancer patients having (Adriamycin) resistance
to chemotherapy had higher amounts of GSTP1 in comparison to those patients who
responded to the therapy, interestingly, through the transfer of miR-122 cargo of EVs
secreted by breast cancer cells, changed glucose metabolism in recipient non-tumor cells,
facilitating disease progression [7,78].

MicroRNAs are often unregulated during carcinogenesis and metastasis, and drug
responses might be affected; certain EV-transferred miRNAs have been linked to drug
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resistance, as shown in several studies [79]. Moreover, studies on the transport of miRNAs
by EVs provided solid evidence to support the development of novel miRNA-targeting
methods and the use of miRNAs carried by EVs as predictive indicators of treatment
response and drug resistance [80,81]. Following co-culture with MCF7 cells, EVs extracted
and purified from a multidrug-resistant chronic myeloid leukemia cell line promoted drug
resistance by the EV-mediated transfer of miR-21, which likely resulted in the activation of
Akt signaling, thus controlling the NF-B pathway [82]. Furthermore, EVs carrying miR-96
reduced LIM-domain-only protein 7 expressions in lung cancer cells, and EVs transferring
miR-222 led to adriamycin resistance in breast cancer cells [83,84].

Additionally, global miRNA profiling of docetaxel-resistant cell lines and the associ-
ated EVs revealed a panel of four miRNAs (miR-598, -34-a, -148a, and -146a) that might be
used as a diagnostic hallmark for prostate cancer progression [85]. A set of miRNAs was
identified exclusively in the EVs of drug-resistant cells, not in the cells themselves, indicat-
ing that specific packing into EVs is possible, and miR-1246, -23a, -1469, -638, -1915, -2861,
-24, -149star, -3178, -3196, -16, -23b, -762, -663, -26a, -27a, and -1908, as well as let-7a, -7b,
and -7c, were the most prominent miRNAs in EVs produced from drug-resistant cells [79].
Other studies have aimed to associate the amounts of certain miRNAs carried by EVs to the
acquisition of drug-resistant characteristics in the donor. The expression of miR-221/222,
for example, was elevated in drug-resistant breast cancer cells and concentrated in their
EVs, and its transfer to drug-sensitive cells was verified [78]. The tamoxifen resistance was
transmitted to drug-sensitive cells due to this transfer, which was reversed by anti-miR-
221/222 transfection. Therefore, the acquisition of drug-resistant qualities by these cells
was also explained by a reduction in the levels of miR-221/222 targets (p27 and estrogen
receptor ) in the recipient cells [86].

Recent research concluded that IncRNAs exhibit variable abundance in EVs, sim-
ilar to what was mentioned earlier for miRNAs, suggesting that these compounds are
loaded selectively into EVs. The role of IncRNAs transported by EVs in regulating the
CDR phenotype is unknown. Moreover, several researchers have attempted to examine
this relationship [87,88]. Through activation of TGF and enhanced expression of ABCG2
(ATP-binding cassette super-family G member 2), the IncRNAs linc-ROR and linc-VLDLR,
which were transported by EVs, promoted sorafenib and doxorubicin resistance in hepato-
cellular carcinoma (HepG2 cells) [89,90]. In addition, after co-culture with HCC-derived
EVs, sensitive cells showed an overexpression of linc-VLDR. Chemotherapy-induced cell
death was similarly reduced after incubation with these EVs. RNAi-mediated suppression
of linc-VLDR in recipient cells resulted in lower cellular survival, as well as lower expres-
sions of ABCG2, indicating the potential of linc-VLDR in drug-resistance promotion [90].
Furthermore, the EV-mediated intercellular transfer of IncARSR enhanced AXL and ¢-MET
expression in renal cell carcinoma cells, which improved sunitinib resistance by competitive
interaction with miR-34/miR-449. In addition, IncARSR levels in plasma and tumor tissues
were associated with sunitinib response in individuals with renal cell carcinoma [91]. By
activating the HMGA I/miR-218 axis, the transfer of IncRNA HOTTIP via EVs enhanced
cisplatin resistance in gastric cancer cells. Moreover, high amounts of the EVs’ IncRNA
HOTTIP in patient serum were related to a poor cisplatin response during treatment [92].

5. Tumor-Derived EVs and Their Approaches in Disease Progression

One of the earliest discovered impacts of EVs in tumors has been promoting or
enhancing cell proliferation in recipient cells by transferring oncogenic or tumor suppressor-
inhibiting RNAs or proteins or other molecules [93]. EVs with particular cargo that can
actively engage in cancer initiation have been related to the release and uptake of many
recognized cancer risk factors [94]. Changes in EV release and content have been linked to
cancer risk factors, such as environmental chemicals (arsenide or tobacco from smoking
cigarettes), diet-related factors (obesity), viral or bacterial infection, hormonal factors
(androgen or estrogen), and ultraviolet (UV) radiation, suggesting that EVs may play a
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role in cancer initiation [9]. Tumor-derived EVs play a crucial role in all stages of cancer
development, making EV-based liquid biopsies.

Many studies suggested the influence of EVs on cancer hallmarks and their progres-
sion, including resistance to treatments. These hallmarks may refer to the changes in
cell proliferation and escape apoptosis, angiogenesis, modulating the immune response,
finally leading to cell invasion and metastasis, as well as reprogramming the energy
metabolism [95]. The typical malignant tumor starts from its initial stages, resulting in cell
proliferation and then affecting secondary sites (secondary sites are the sites other than
the primary site where the tumor develops). It leads to metastasis, and many cancers at
such stages do not respond to therapies, which results in therapy failure. A recent study
shows that tumor-derived EVs in the tumor microenvironment have a huge role in cancer

initiation, progression, metastasis, and therapy failure (Figure 1). Thus, here, we shall
discuss these points.
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Figure 1. Diagrammatic representation of EVs’ role in influencing different hallmarks of cancer.
5.1. Initiation

The National Cancer Institute (NCI Dictionary of Cancer Terms) describes tumor
initiation as “A process in which normal cells are changed so that they are able to form
tumors. Substances that cause cancer can be tumor initiators”. Tumor-derived EVs do play a
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role in initiation. Such (tumor-derived) EVs support the activation of many tyrosine kinase
receptors and downstream signaling pathways, such as MAP/ERK, WNT, PI3K/AKT,
etc., leading to proliferative signaling instead of cell suppression. This signaling may be
paracrine or autocrine, providing an initial proliferative advantage. Apart from signaling,
tumor-derived EVs carry many onco-miRs and oncoproteins. They facilitate further the
overriding growth-suppressor signaling, which is achieved by suppressing PTEN and the
possible exaggerated expression of cycling D1 and MDM4 (transformed mouse 3T3 cell
double minute 4) [95].

5.2. Progression

The NCI Dictionary of Cancer Terms describes progression as the course of a disease,
such as cancer, as it becomes worse or spreads in the body. EVs do play a great role
in tumor progression. IL-10 (interleukin- 10), IL-6 (interleukin- 6), and matrix metallo-
proteinases (MMPs) are increased in this process. This leads to help with proliferation;
all of these are carried by EVs [96,97]. Further, EVs derived from cancer cells serve as
vectors for many immunosuppressive agents, such as Galactin-9, that bind to TIM-3 (T
cell immunoglobulin and mucin domain-containing protein 3), leading to the death of T
cells. When immune cells internalize, EV-associated TGF (transforming growth factor),
PD-L1 (programmed death-ligand 1), and many miRs promote an immunosuppressive
phenotype. This can involve inducing an M2-like secretion profile in macrophages, in CD8+
T cells, or stimulating B and T cells to produce a variety of tumor-supporting cytokines [98].
TERT (telomerase reverse transcriptase) mRNA and other non-coding RNAs carried by
cancer-derived EVs may induce and stimulate telomerase expression in recipient fibroblasts
and mutant cell clones, allowing for the development of a cancer stem cell phenotype
with replicative immortality. The tumor-derived EVs continue chronic inflammation in the
tumor microenvironment. They carry several miRs, such as miR-27, miR-10b, miR-155-5p,
and also other non-coding long RNAs. They primarily target fibroblasts and turn them into
cancer-associated fibroblasts, which secrete high amounts of TGF-§3, IL-6. Some of them
(EVs) can also guide the mesenchymal stromal cells (known as MSCs) to secrete IL-8 as
well as other possible immunosuppressive cytokines [95].

5.3. Metastasis

The NCI Dictionary defines metastasis as “the spread of cancer cells from the place
where they first formed to another part of the body. In metastasis, cancer cells break away
from the original (primary) tumor, travel through the blood or lymph system, and form a
new tumor in other organs or tissues of the body”. Several epigenetic modulators, such as
VEGEF (vascular endothelial growth factor), CXCR4 (CXC chemokine receptor 4), EPHB2
(EPH Receptor B2), miR-103, or any other sort of long non-coding RNAs, are carried by
cancer-derived EVs to stimulate angiogenesis. They improve the permeability of adjacent
blood vessels and recruit endothelial tip cells. Many cancer-derived EVs carry MMPs
that activate epithelial to mesenchymal transition (EMT), giving the cancer cells mobility.
Thus, this induces invasion and metastasis to distant organs. Sometimes, such derived
EVs may carry mutated DNA and oncogenes and are heavily dependent upon the primary
site of the tumor [95].

5.4. Therapy Failure

When mutated DNA is incorporated into a normal cell, it results in genetic instability
and diversity. Drug resistance phenotypes can be horizontally transferred from a drug-
resistant cancer cell clone to a probable sensitive cancer cell clone via EVs, mediated by
possible cargoes such as proteins (anti-apoptotic proteins/drug efflux pumps), lipids,
and RNAs (IncRNA/miRNA/mRNA). The same cancer-drug-resistant EVs will cause
a metabolic transition in drug-sensitive cancer cells in the recipients. Reprogramming
the energy metabolism to glycolysis and boosting the amounts of detoxifying enzymes,
such as Glutathione S-transferase P (GSTP1), in these cells results in a multidrug-resistant
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phenotype [95]. The overall role of EVs as a cancer hallmark is depicted in Figure 1.
Apart from that, other tumor cell factors involving EVs enhance cancer progression via
the modification of normal cells” function. We will shed light on some factors in the
next section.

6. Effects of Tumor-Derived EVs on Different Factors Responsible for Cancer
Progressions

6.1. Role of EVs in Aiding Cell to Escape from Apoptosis

The recruitment of normal cells into the tumorigenic process can be aided by EVs
produced by cancer cells. Thus, EVs enhance proliferative signals and promote tumor
growth by enabling phenotypic change. Furthermore, EVs can help cancer cells in avoiding
apoptosis. RBM11, a splicing factor found in EVs produced by glioblastoma cell lines,
was transmitted to recipient tumor cells and caused MDM4 and Cyclin D1 to be spliced
into a different oncogenic isoform. It resulted in the cells” escape apoptosis and increased
cell survival ability [99]. It was further proved by a study where EVs from glioblastoma
cells were injected into mice, and the ability of the EVs to promote malignancy in recipient
tumor cells was verified [99]. In another study related to chloride intracellular channel-1
(CL1C1), EVs released by glioblastoma cells showed facilitated transfer of CL1C1, further
supporting the growth of recipient glioblastoma cells. This was further proved by injecting
nude mice with glioblastoma cells with EVs containing CL1C1 cargo, it showed enhanced
tumor growth in comparison to EVs of glioblastoma cells that did not contain CL1Cl1.
On BRAF mutant (receiver) cells, the transfer of PDGFR (platelet-derived growth factor
receptor) mediated by EVs produced by melanoma (donor) cells resulted in activation of
the PI3K (phosphoinositide 3 kinases)/Akt pathway and escape from the MAPK pathway;
this further helped in enhanced cell growth and escape apoptosis [100].

6.2. Impact of EVs on Metastasis from Nearby to Far-Flung Tissues and the Breakdown of the
Blood—Brain Barrier

In addition to micro-environmental cells, cancer cells” EVs can influence other cells in
the diverse tumor population, resulting in metastatic capacity transfer. Most cancer cells
produce a range of EV types, which influence the activity of receiving cells to the cancer
cells” ultimate advantage. The induction of mesenchymal characteristics in non-tumor
cells is a proposed mechanism. It is not only this, but also androgen receptor modulation,
TGEF- 3 signaling, and CD151 and CD9 tetraspanins alterations in the recipient cancer
cells are how it affects cell invasion and metastasis [101]. Other cancer cell types showed
horizontal transfer of the molecules responsible for increasing cellular migration and aiding
the invasion of recipient cancer cells mediated by EVs, such as the transfer of Caveolin-1 in
breast cancer cells, Wnt5b protein in colon cancer, and CXC chemokine receptor 4 (CXCR4)
or SMAD3 in hepatocarcinoma cells [102].

Cancer-derived EVs can impact cells in far-flung tissues, organs, and those closer to
the source. EVs appear to be closely linked to brain metastasis as well. The breakdown of
the blood-brain barrier is one of the characteristics of brain metastasis. It results in cancer
cell migration through it [103]. Tumor cells identify and attach to vascular endothelial
membrane components, resulting in extravasation, cancer cell invasion through the Blood
brain barrier (BBB), and new growth at secondary organ sites [104]. One such example is
EVs that contain miR-181c and that are transferred to brain endothelial cells. Metastatic
cells destroy tight junction proteins. Those proteins bind to cytoskeletal protein actin (via
decolonizing actin fibers by down-regulating PDPK1 or 3-phosphoinositide-dependent
protein kinase-1), including occluding tight junction protein-1 (also called ZO-1) and
claudin-5. MiR-105 targets ZO-1 in breast cancer. It is reported that miR-105 and miR-181c
are both found in patients with metastatic brain cancer [105].

6.3. Reprogramming Energy Metabolism

Tumor cells can change their energy metabolism to fuel their fast cell growth and
proliferation. Moreover, there also involves a significant role of EVs in this. In non-tumor
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cells in the pre-metastatic niche, EV-associated miR-122 from cancer cells downregulates the
glycolytic enzyme pyruvate kinase. This downregulation reduces non-tumor cell glucose
absorption in the microenvironment. Further, it allows cancer cells in the pre-metastatic
niche to obtain more nutrients. In another study, EVs generated from multidrug-resistant
leukemia or lung cancer cells caused a metabolic transition in drug-sensitive cancer cells by
decreasing the pentose phosphate pathway and, thus, increasing glycolysis. Glutathione S-
transferase P1 (GSTP1), an enzyme that can detoxify damaging chemicals from affected cells,
was transferred to sensitive cells. In breast cancer, patients with resistance to chemotherapy
had higher amounts of GSTP1 than those who responded to the therapy [78].

6.4. Angiogenesis

Angiogenesis is the formation of new blood vessels from existing ones. It occurs
in both healthy and diseased people throughout one’s life, beginning in the womb and
lasting until death. Capillaries are required to exchange nutrients and metabolites in all tis-
sues [106]. Changes in metabolic activity lead to proportional changes in angiogenesis and,
hence, proportional changes in capillarity. Oxygen plays a pivotal role in this regulation.
Hemodynamic factors are critical for vascular networks’ survival and for the structural
adaptations of vessel walls. Endothelial cells aid vascularization by supplying cancer cells
with oxygen and nutrients, limited for tumors. The interaction between endothelium and
cancer cells is mediated by cytokines such as VEGF (vascular endothelial growth factor)
and basic fibroblast growth factor (bFGF).

The cancer cells contain miRNAs and other varieties of molecules that promote angio-
genesis [107]. The presence of angiogenic-promoting factors on the cargo of EVs promoted
the overexpression of the VEGF on recipient endothelial cells, which aided angiogene-
sis. These factors include long non-coding RNAs and miRNAs such as IncRNA POU3F3,
IncRNA CCAT2, and miR-21, or maybe a receptor-like CXCR4. Cancer cell-derived EV-
associated with miR-9 activated the JAK/STAT pathway, which reduced levels of sup-
pressor of cytokine signaling-5 (SOCS5), promoting endothelial cell migration and tumor
angiogenesis [108]. Multiple myeloma cells produce EVs that include a piwi-interacting
RNA (piRNA-823) that can re-educate endothelial cells to create an environment con-
ducive to the development of multiple myeloma cells. It is accomplished by enhancing
interleukin-6, VEGEF, and intercellular adhesion molecule-1 expression [109]. MiR-103 in
EVs of hepatocarcinoma cells disrupted endothelial cell integrity, leading to angiogene-
sis. This is done by inhibiting the expression of p20 catenin, VE-cadherin, and zonula
occludens-1. EVs containing miR-141-3p in ovarian cancer promoted angiogenesis by acti-
vating NF-«B and JAK/STAT3 pathways [110]. Oral cancer cells containing EVs that have
miR-142-3p promote angiogenesis mediated by TGFBRI1 (transforming growth factor-beta
receptor 1). In lung cancer, EVs with miR-23a are suspected of promoting angiogenesis.
It also targets testis-specific gene antigen (TSGA 10) in nasopharyngeal carcinoma and
promotes angiogenesis. Another most-important miRNA is miR-210, present in cancer
cells” EVs, which promotes angiogenesis by regulating neutral sphingomyelinase-2 [111].

6.5. Evasion of Immune Response

Most tumor cells express antigens that allow the immune system to recognize them.
However, some cancer cells can avoid the antitumor immune response and, hence, can
continue to grow. EVs produced by tumor cells have been widely studied and their effects
on many types of neighboring cells in the surrounding TME (tumor microenvironment)
engaged in inflammation or immune response [7]. Tumor-derived EVs are high in immune
regulatory molecules, including FasL (Fas ligand), TRAIL (TNF-related apoptosis-inducing
ligand), and galactin-9, which can help cancer elude the immune system [112]. Fibroblasts,
T and B lymphocytes, and macrophages play a huge role in an individual’s immune
system [113]. It has been recently reported that tumor-derived EVs have a considerable
impact on fibroblasts, T-lymphocytes, B-lymphocytes, and macrophages. In this section, we
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will briefly discuss tumor-derived EVs’ role in fibroblasts, T-lymphocytes, B-lymphocytes,
and macrophages.

6.5.1. Fibroblasts

Interactions between cancer-derived EVs and fibroblasts have been studied well. EVs
released by chronic lymphocytic leukemia were incorporated actively near the stromal
cells. This induced characteristics of cancer-associated fibroblasts (CAFs), resulting in the
secretion of inflammatory cytokines that resulted in a supportive environment for the tumor.
In Hodgkin lymphoma cells and ovarian cancer cells, EVs altered fibroblasts” phenotype,
rendering it as a more tumor-supportive environment, which leads to aiding tumor growth
and progression [103,114]. EVs in gastric cancer cells modulated pericytes proliferation
and migration, which also suggests that it induced the expression of CAF markers in
pericytes. For the transformation of normal hepatocytes stellate cells to CAFs, miR-21
found in EVs was found to be responsible for the transformation of normal cells. Clinical
study also reveals the presence of miR-21 in higher amounts, which is also correlated
with the activation of CAFs and higher cell densities; thus, it may be responsible for
hepatocellular carcinoma, enhancing, therefore, tumor development [115]. In metastatic
osteosarcoma, miR-675 found in EVs is associated with downregulating CALN1 expression
in fibroblast cells (non-malignant), increasing their invasion and migration capabilities. In
the presence of EVs produced by pancreatic cancer cell lines, primary pancreatic fibroblasts
from mice were transformed into CAF-like cells, a process controlled by miR-155 found
in the EVs’ cargo [116]. EVs carrying cargoes like miR-27a in gastric cancer, miR-155-5p
in melanoma cells, miR-10b in colorectal cancer, miR-142-3p in lung cancer cells shown to
have subsequent influence to transform fibroblasts to CAFs [117].

6.5.2. T lymphocytes

Tumor-derived EVs may potentially affect T cells. To illustrate, glioblastoma cells con-
taining EVs expressed PD-L1, a transmembrane protein that can bind to T cells and block its
activation, allowing cancer cells to proliferate. CTLA-4 (cytotoxic T lymphocyte-associated
antigen—4) plays an important role in T cell exhaustion and co-inhibition. Additionally,
PD-L1 ligand is increased in many malignancies and inhibits cytotoxic T cell activation,
which leads to a poor prognosis. CTLA-4 inhibition also inhibits the activation of T effec-
tor cells [118,119]. Other examples include EVs containing miR-24-3p by repressing the
fibroblast growth factor 11, which aids in T cell dysfunction in nasopharyngeal carcinoma.
The CEACAM (called carcinoembryonic antigen-related cell adhesion molecule) is found
in EVs. In colon cancer, they are found to influence T cell functions. It also influenced
T cells by activating TGF-3 and SMAD signaling in colorectal cancer. T cells were inhibited
by EVs produced by breast cancer cells, which delivered TGF- (3 directly to the immune
cells, leading to cell proliferation. T cell apoptosis was induced by adenocarcinoma cells by
transferring the Fas ligand, which is a type- II transmembrane protein.

Similarly, in colorectal cancer, EVs induced Fas ligand. These activities were also
observed in melanoma, prostate cancer cells, and oral cancer cells, leading to apoptosis
of T cells. Regarding galactin-9, EVs play a role in T cell apoptosis. In nasopharyngeal
carcinoma, EVs containing galactin-9, when interacted with Tim3, promoted apoptosis
of T cells. The MAPK pathway was inhibited by the miRNAs of EVs in nasopharyngeal
carcinoma that reduced T cell proliferation. The metabolic checkpoint molecule arginase-1
was found in EVs generated from ovarian cancer cells, suppressing T cell responses and
promoting tumor development.

6.5.3. B Lymphocytes

Cancer-derived EVs’ role in B lymphocytes has also been reported recently. EVs
released from esophageal cancer cell lines encouraged the development of naive B cells
into TGF-B-producing regulatory B cells, assisting immunological suppressor effects on T
cell proliferation [68]. Tumor-derived EVs preferentially attach to the lymph nodes sub-



Cells 2022, 11, 490

13 of 40

capsular sinus, where a specific population of macrophages (CD169) prevents cancer EVs
from spreading. During cancer, this barrier is broken, allowing tumor-derived EVs to pass
via lymph nodes and activate B lymphocytes, encouraging tumor development [120].

6.5.4. Macrophages

Several research studies have shown EVs produced by tumor cells to be capable of
transferring cargo to macrophages. In ovarian cancer, EVs containing oncogenic miR-1246
transferred the miRNA to M2 type (anti-inflammatory) but not to M0 type (non-activated),
suggesting a role of EVs in tumor progression [121]. In colon cancer, the transfer of
oncogenic miR-1246 may produce IL-10 and metalloproteinase, all of which are tumor-
supportive, thus leading to progression [122]. The miR-921-3p and miR-25-3p carried by
EVs in liposarcoma cells promoted the secretion of IL-6, which further aided cancer progres-
sion [123]. TUC339, a IncRNA found in EVs produced by hepatocellular carcinoma cell lines,
can control macrophage activation. Moreover, it promotes M2 macrophage polarization,
promoting cancer cell growth. Under hypoxia, ovarian cancer cell lines produced EVs with
high amounts of miR-940, causing macrophage M2 polarization [124]. In a clinical study, a
glioblastoma-bearing mouse brain model, EVs extracted from glioblastoma cells carrying
high levels of miRNAs (such as miR-21) were taken up by macrophages, supporting the
role of EVs produced by glioblastoma cells in the TME (tumor microenvironment) [125].

6.5.5. NK and Dendritic Cells

Dendritic cells are well known for activating natural killer cells, also known as NK
cells [126]. They are also involved in immune evasion in the tumor microenvironment since
dendritic cells can easily internalize tumor-derived EVs. When tumor-derived EVs contact
T cell surface molecules, they convey signals and change their function [127]. By this, it can
easily bypass host immunity against the tumor since it can interfere with antigen-presenting
cells and, thus, the cytotoxic T lymphocytes may fail to recognize it [128]. Transforming
growth factor-p (TGF-) is often found on the surface of tumor-derived EVs. TGF-f3 is also
well known for immunosuppression in patients with acute myeloid leukemia, where it was
found that TGF-f is involved in suppressing NK cell function and T cell proliferation [129].

Host cells express MHC-I to protect cells from destruction from cytotoxic T-lymphocytes
(CTLs). However, MHC-I presented by tumor-derived EVs are destroyed by EVs. The
downregulation of MHC-I/TAA complexes allows immune escape for tumors [130]. How-
ever, cells without MHC-I are killed by NK cells [131]. Thus, to prevent this attack, tumor
cells release EVs that can influence the cytotoxic activity of T cells [132]. EVs bearing
NKG2D ligands act as bait for NK cells, which distracts the NK cells from attacking
the tumor cells, and this helps the tumor cells to evade the immune system [133,134].
However, EVs from dendritic cells are valuable for antitumor therapy such as immunother-
apy [135,136]. Further research is important to clarify how dendritic cells and NK cells can
be used for antitumor therapies.

6.5.6. Transfer of Mutations

Evidence shows that EVs generated from tumors contain DNA fragments that may
make up the whole genome. PTPRZ1 (Protein tyrosine phosphatase receptor type Z1)
—Met (PTPRZ1-Met) in EV cargo in glioblastoma cells transferred to other cells created an
aggressive phenotype [137]. Anaplastic lymphoma kinase-associated mRNAs carried by
EVs when transferred to susceptible cells initiated the MAPK signaling pathway. EGFRVIII
(the epidermal growth factor receptor in a truncated oncogenic form)-containing EVs were
picked up by recipient glioma cells that lacked this isoform, and activated MAPK and
AKT pathways. In colorectal cancer, oncogenic mutant 3-catenin (EV cargo) activated
WNT signaling in recipient cells, leading to cancer progression. EVs in ovarian cancer also
indicated SMAD 4 mutations mediated by EVs [138]. Further, a more detailed study of
EVs and their relationship with mutations and their transfer mechanisms and epigenetics
about tumor-derived EVs are required to obtain more knowledge in cancer biology. The
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tumor-derived cargoes of EVs and their role in cancer are summarized in the more detailed,
still not exhaustive, Table 2.

Table 2. List of cancer types and released EVs cargo and their role in cancer hallmarks.

S. No. Cancer Type EV Cargo Type Role/Cancer Hallmarks References
1 Acute Leukemia miR-116 Cell proliferation and [68]
escape from apoptosis
2 Acute Leukemia miR-118 Cell proliferation and [68]

escape from apoptosis

3 Brain cancer miR-181c¢ Cell rnvasion [105]
and metastasis

Cell proliferation and

4 Breast cancer miR-1246 . [139]
escape from apoptosis
5 Breast cancer miR-210 Sustaining of angiogenesis [111]
Cell invasion and
. . metastasis (also highly
6 Breast cancer miR-200 family involved in epithelial o [140]
mesenchymal transition)
Cell invasion and
7 Breast cancer miR- 205 metastasis (also highly [140]

involved in epithelial to
mesenchymal transition)

8 Breast cancer Caveolin-1 Cell 1vaston [141]
and metastasis

9 Breast cancer miR-122 Reprogrammlr'lg [142]
energy metabolism
10 Breast cancer GSTP1 Reprogrammlr}g [78]
energy metabolism
11 Breast cancer miR-122 Reprogramrmpg [78]
energy metabolism
12 Cholangiocarcinoma miR-205 Cell proliferation anfi [143]
escape from apoptosis
13 Cholangiocarcinoma miR-205-5p Cell invasion [143]
14 Colon cancer DeltaNp73 Cell proliferation anfi [143]
escape from apoptosis
15 Colon cancer miR-193a Cell proliferation anq [144]
escape from apoptosis
16 Colon cancer miR-200b Cell proliferation and [145]
escape from apoptosis
17 Colon cancer miR-25-3p Sustaining of angiogenesis [146]

18 Colon cancer Wnt5b Cell rvasion [147]
and metastasis

19 Colon cancer AREG Cell rvasion [148]
and metastasis

20 Colon cancer -catenin (mutant) Transfer mutations [149]
21 Colon cancer miR-1246 Evade MIMUNE response [122]
and promote inflammation
Carcinoembryonic Evade immune response
22 Colon cancer antigen related cell P [150]

. and promote inflammation
adhesion molecule
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S. No. Cancer Type EV Cargo Type Role/Cancer Hallmarks References
23 Colorectal cancer miR-10b Evade MIMUNE response [151]
and promote inflammation
24 Colorectal cancer InRNA PVT1 Cell proliferation anfi [152]
escape from apoptosis
25 Colorectal cancer miR200b Cell proliferation an(.:l [152]
escape from apoptosis
26 Esophageal cancer miR-93-5p Cell proliferation an?l [69]
escape from apoptosis
27 Esophageal cancer miR-21 Cell proliferation anfi [70]
escape from apoptosis
28 Esophageal cancer IncZEB1-AS1 Cell proliferation an(.:l [153]
escape from apoptosis
29 Gastric cancer IncRNAZFAS1 Cell proliferation an?l [75]
escape from apoptosis
30 Gastric cancer miR-423-5p Cell rnvasion [154]
and metastasis
31 Gastric cancer miR-27a Evade [MIMUNE response [155]
and promote inflammation
3 Glioblastoma .R.BMll Cell proliferation an.d [99]
(splicing factor) escape from apoptosis
33 Glioblastoma CLIC1 Cell proliferation and [156]
escape from apoptosis
34 Glioblastoma IncRNA CCAT2 Sustaining of angiogenesis [157]
35 Glioblastoma IncRNA POU3E3  Sustaining of angiogenesis [158]
miR-21 (VEGF-
36 Glioblastoma upregulate Sustaining of angiogenesis [159]
expression)
37 Glioblastoma CXCR4 Sustaining of angiogenesis [160]
38 Glioblastoma miR-148a Cell rnvasion [161]
and metastasis
39 Glioblastoma PTPRZLMET Transfer mutations [137]
(fusion gene)
EGFRvIII
40 Glioblastoma (oncogenic Transfer mutations [162]
receptor)
41 Glioblastoma miR-210 Evade IMIMUNE response [125]
and promote inflammation
42 Glioblastoma PD-L1 Evade immune response [163]
and promote inflammation
Head-and-neck
43 squamous cell EPHB2 Sustaining of angiogenesis [164]
carcinoma
4 Hepatf)cellular IncRNA TUC339 Cell proliferation an.d [164]
carcinoma escape from apoptosis
45 Hepat9cellular CXCR4 Cell proliferation anfi [164]
carcinoma escape from apoptosis
46 Hepatgcellular SMAD3 Cell proliferation an(.i [165]
carcinoma escape from apoptosis
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S. No. Cancer Type EV Cargo Type Role/Cancer Hallmarks References
47 Hepatf)cellular miR-93 Cell proliferation an.d [166]
carcinoma escape from apoptosis
48 Hepatgcellular miR-103 Cell proliferation anfi [167]
carcinoma escape from apoptosis
49 Hepatgcellular miR-584 Cell proliferation an(.:l [168]
carcinoma escape from apoptosis
50 Hepatf)cellular miR-517c Cell proliferation an.d [168]
carcinoma escape from apoptosis
51 Hepatgcellular miR-378 Cell proliferation anfi [168]
carcinoma escape from apoptosis
50 Hepatgcellular miR-520f Cell proliferation an(.:l [168]
carcinoma escape from apoptosis
53 Hepatf)cellular miR-142-5p Cell proliferation an.d [168]
carcinoma escape from apoptosis
54 Hepatgcellular miR-451 Cell proliferation anfi [168]
carcinoma escape from apoptosis
55 Hepatgcellular miR-518d Cell proliferation an(.:l [168]
carcinoma escape from apoptosis
56 Hepatf)cellular miR-215 Cell proliferation an.d [168]
carcinoma escape from apoptosis
57 Hepat9cellular miR-376a Cell proliferation anfi [168]
carcinoma escape from apoptosis
58 Hepatgcellular miR-133b Cell proliferation an(.:l [168]
carcinoma escape from apoptosis
59 Hepatf)cellular miR-367 Cell proliferation an.d [168]
carcinoma escape from apoptosis
Hepatocellular . . . .
60 . Vasorin Sustaining of angiogenesis [169]
carcinoma
61 Hepatgcellular miR-103 Sustaining of angiogenesis [167]
carcinoma
62 Hepatf)cellular miR-21 Evade immune response [115]
carcinoma and promote inflammation
63 Leukemia miR-20b Cell proliferation anfi [68]
escape from apoptosis
. . Evade immune response
64 Liposarcoma miR-25-3p and promote inflammation [123]
. . Evade immune response
65 Liposarcoma miR-92a-3p and promote inflammation [123]
66 Lung cancer miR-143-3p Sustaining of angiogenesis [170]
67 Lung cancer miR-145-5p Sustaining of angiogenesis [170]
68 Lung cancer miR-23a Sustaining of angiogenesis [171]
. Evade immune response
69 Lung cancer miR-142-3p and promote inflammation [117]
70 Melanoma PGDRE- Cell proliferation and [100]

escape from apoptosis
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Programmed cell
death protein . .
71 Melanoma 1 and cytotoxic T Cell proliferation anq [172]
1 h escape from apoptosis
ymphocyte
associated antigen-4
72 Melanoma ALK isoform Transfer mutations [173]
73 Melanoma miR-155-5p Evade immune response [174]
and promote inflammation
74 Multiple myeloma piRNA-823 Sustaining of angiogenesis [175]
75 Nasop}}aryngeal miR-23a Sustaining of angiogenesis [176]
carcinoma
76 Nasopharyngeal miR-24-3p Evade immune response [177]
carcinoma and promote inflammation
7 Nasop}}aryngeal Galactin-9 Evade immune response [178]
carcinoma and promote inflammation
78 Oral cancer miR-142-3p Sustaining of angiogenesis [179]
79 Osteosarcoma miR-675 Evade [MIMUNE response [180]
and promote inflammation
80 Opvarian cancer miR-99a-5p Cell rnvasion [181]
and metastasis
81 Ovarian cancer SMAD4 Transfer mutations [138]
82 Ovarian cancer miR-1246 Evade immune response [121]
and promote inflammation
83 Ovarian cancer Arginase-1 Evade [MIMUNE response [182]
and promote inflammation
Ovarian . .. . .
84 carcinoma miR-141-3p Sustaining of angiogenesis [110]
85 Ovarla.n serous miR-21 Cell proliferation an.d [70]
carcinoma escape from apoptosis
86 Pancreatic cancer miR-23b-5p Cell proliferation anfi [183]
escape from apoptosis
Papillary . . .
87 thyroid cancer miR-146b Cell proliferation [184]
Papillary . . .
88 thyroid cancer miR-222 Cell proliferation [184]
89 Prostate cancer miR1246 Cell rnvasion [185]
and metastasis
90 Ren.al cell Fas ligand Evade immune response [186]
carcinoma and promote inflammation

7. Derived EVs and Therapy Resistance

It has been discovered that EVs induce therapy resistance to chemotherapy and
targeted therapy in cancer, including multidrug resistance (MDR) [187,188]. According to
the study, exosomes act as transporters of mRNAs and miRNAs, which were shown to
be neoteric mechanisms in the development of chemoresistance in pancreatic cancer (PC).
They were also discovered to have a role in reactive oxygen species (ROS) detoxification and
gemcitabine metabolism. It is also concluded that exosome-induced PC chemoresistance is
mediated by three genes: CAT, SOD2, and DCK [189].
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Emerging data has indicated that EV-mediated resistance transmission occurs in acute
myeloid leukemia (AML). In recent years, EVs can transfer proteins and miRNAs across
AML cells, resulting in variable gene-expression patterns and cell function in receiving AML
cells [190,191]. EV-mediated miRNA transfer has been shown to enhance chemoresistance
in various cancers. Therefore, exosomes produced from AML patients” BMSCs (bone
marrow stromal cells) had a more distinct miRNA profile than healthy controls [191,192].

According to research, exosomes obtained from BMSCs from eight AML patients were
constantly enriched in miR-155 and miR-375, compared to exosomes derived from healthy
donor BMSCs [188]. A recent study also showed that pancreatic tumor cells produce
exosomes indicating surface marker glypican-1, which were identified in blood samples
from pancreatic cancer patients [193]. In a study, it was found that exosomes derived
from pancreatic tumors enhanced liver metastasis by inducing the development of pre-
metastatic regions [194]. In colorectal cancer stem cells generated from patient-derived
mice xenografts or by sorting for CD133+ in colorectal cancer cell lines, EVs from cancer-
associated fibroblasts promoted resistance to 5-fluorouracil and oxaliplatin inside stromal
cells [195]. Another example is cisplatin resistance in head-and-neck cancer cells due to
the transfer of miR-196a. It targets CDKN1B (cyclin-dependent kinase inhibitor 1B) and
INGS (inhibitor of growth family member 5), and cancer-associated adipocytes, leading to
paclitaxel resistance in ovarian cancer cells due to the transfer of miR-21, which binds to
the APAF1 (apoptotic protease activating factor 1) coding sequence and suppresses APAF1
expression [196,197]. Intriguingly, both in vitro and in vivo, miR-21-carrying EVs from
neuroblastoma cells promoted the production of monocyte EVs expressing miR-155. This
enhanced cisplatin resistance in neuroblastoma cells by entering these cells and inhibiting
TERF1 (telomeric repeat binding factor 1) [198]. EVs from drug-resistant cancer cells and
tumor microenvironment cells are randomly implicated in transferring anti-cancer drug
resistance. This is also evidenced by several previous research groups across solid and not
solid cancer types, adding to anti-cancer therapy problems [199].

7.1. EVs and Multi-Drug Resistance (MDR)

MDR is a characteristic of cells that are resistant to a variety of structurally and func-
tionally diverse drugs. Resistance can be complex and result from various processes, such
as impairing drug efficacy, including reduced drug absorption, altered drug metabolism,
drug target mutation or expression modification, cell death suppression, increased DNA
repair, and so on [200,201]. MDR can be caused by various factors, including ATP-binding
cassette (ABC) transporters that pump out chemotherapeutics and oncogene mutations
that make cancer cells resistant to previous treatments, such as emerging modification
of cancer cells to the microenvironment, surviving cancer stem cells (CSCs) that evade
conventional therapies, activated cell growth variables, and cell defense systems, among
others [202]. Researchers have also discovered that EVs are linked to the transmission of
anti-cancer drug resistance from cell to cell in various malignancies, based on pre-clinical
and clinical specimen investigations [199]. Furthermore, intracellular integration of EVs
generated by drug-resistant cancer cells can cause drug-sensitive cancer cells to become
drug-resistant [200]. MDR has become a serious issue in cancer treatment, and it is one of
the leading causes of chemotherapy failure. Therefore, multiple resistance mechanisms
are common in MDR cancer cells [203]. According to recent studies, altered metabolic
pathways aid cancer cells in proliferating, adapting their metabolism to nutrient-depleted
circumstances, and developing drug-resistant phenotypes [204]. In a study, researchers
have shown that EVs produced by MDR cells can cause drug-sensitive cancer cells to
undergo a metabolic change (leading to an MDR phenotype) [200]. Compared to the EVs
shed by drug-sensitive counterpart cells, MDR cells release a distinct population of EVs
(more microvesicle-like EVs and fewer exosomes) [205]. The primary drug transporter
P-glycoprotein (P-gp) expression has been seen in the generality of cancers with MDR
phenotype. It is associated with tolerance to at least 20 different chemotherapeutic drugs
encoded by the multidrug resistance protein 1 gene (MDR1 or ABCB1) [206]. Wang et al.
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demonstrated that chemotherapeutic drugs cause EVs secretion and recycling by dysregu-
lating Rab8B and Rab5, resulting in a notable increase in ABCBI1 intercellular transfer, and
showed that Rab8B plays a role in MDR development [207]. P-gp could be transported from
drug-resistant to drug-sensitive cancer cells by migrating EVs, increasing acquired therapy
resistance both in vitro and in vivo, according to a substantial number of studies [208,209].
Cancer cell-derived EVs, and how they influence drug-sensitive cells to drug resistance, is
presented in Figure 2.
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Figure 2. Diagrammatic representation showing how cancer cell-derived EVs promote tumorigenesis
in normal cells and later help the drug-sensitive cells to transform into drug-resistant cells, thus
owing to failed chemotherapy.

Breast cancer was first investigated concerning drug resistance that is linked to EV
structures, and the role of EVs in mediating drug resistance was reported by Chen et al. [210].
Jaiswal et al. also revealed that doxorubicin-resistant breast cancer cells secrete large
amounts of secretory miRNAs, imparting drug-resistant phenotypes to recipient cells [211].
MCEF-7/Adr and MCF-7/Doc, respectively, contain EVs from adriamycin- and docetaxel-
resistant cell lines, where confocal microscopy and flow cytometry were used to track
the absorption of fluorescently (PKH26) labeled EVs by MCF-7 cells, which conferred
resistance to previously drug-sensitive MCF-7 cells. Following the transfer of EVs from
the docetaxel-resistant variations, levels of miR-100, miR-222, miR-30a, and miR-17 were
found to be considerably elevated in formerly drug-sensitive MCE-7 cells [84]. Other
cancers, such as prostate and lung cancer, have shown drug resistance concerning EVs.
Therefore, researchers conducted the first studies on prostate cancer and EVs with drug
resistance, focusing on docetaxel and examining 22Rv1 and DU145 cell lines, as well as
their corresponding docetaxel-resistant variants 22Rv1RD and DU145RD [199].

According to some research, drug-resistant cells generate more EVs than drug-sensitive
cells [212]. According to research, EVs secreted from an anaplastic lymphoma kinase
(ALK)-tyrosine kinase inhibitor (TKI)-resistant subclone of ALK-translocated lung adeno-
carcinoma cell lines can cause drug resistance in sensitive subclones [213]. Furthermore,
several studies have found a direct correlation between certain drug-resistance mediators
and molecules involved in EVs formation, corroborating the results that drug-resistant
cells produce more EVs than sensitive cells [7]. Annexin A3, which is implicated in ovarian
cancer cell resistance to platinum and has been found in EVs from a similar kind of cancer
resistant to cisplatin, seems to be responsible for an upsurge in EVs generation in the same
cells [214]. In the presence of HER2-carrying EVs, trastuzumab was also ineffective in
inhibiting breast cancer cell growth. When this receptor (which dimerizes with EGFR
or HER3) is activated, it promotes the creation of EVs [215]. An elevation in miR-155
expression rates in cells transfected with pre-miR-155 produced an increase in the emission
of EVs and a rise in miR-155 expression levels on the released EVs’ content, according to
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thorough research in pancreatic ductal adenocarcinoma cell lines. These EVs transported
miR-155 to additional pancreatic ductal adenocarcinoma cancer cells, causing recipient
cells to develop gemcitabine resistance [216]. The list of proteins/enzymes from EVs and
their role in cancer drug resistance is represented in Table 3.

Table 3. List of proteins/enzymes from EVs and their role in cancer drug resistance.

S. No. Protein/Enzyme Role Cancer Reference
from EVs
Use glutathione
1 Glutathione conjugation Breast cancer [217.218]
S-transferases (GSTs) to detoxify Colon cancer !
anticancer drugs
Leukemia
2 P-gp (MDR1) Drug efflux Breast cancer [203,219,220]
Prostate cancer
Transcriptional
activation of the Breast Cancer
3 TrpC5 MDRI (ABCBI) (MCF?) [219]
promoter by NFATc3
. Lung cancer
4 Ezrin Modulate P-gp Breast cancer [221-223]
5 Radixin Modulate P-gp Colon cancer [223,224]
6 Moesin Modulate P-gp Breast cancer [223]
Colon cancer
7 CD44 Modulate P-gp Gastric cancer 173 75,22]
Ovarian cancer
Pancreatic cancer
Lung cancer
Multidrug-resistance- Breast cancer
8 associated proteins Drug efflux Prostate cancer [227,228]
(MRP1-9/ABCCs) Childhood
neuroblastoma
Mediates the
efficient pumping
9 ABCG2 and concentration Breast cancer [229]
of multiple
cytotoxic agents
Neck cancer
Thyroid cancer
10 Galectin-3 Activation of NF-xB Gastric cancer [250]
Colon cancer
Uterine cancer
Renal cancer
1 Carbonic anhydrase Co-expressed and Renal cancer [231]
XII (CA XII) co-located with P-gp Breast cancer
Upregulate P-gp
protein expression
12 UCH-L1 levels via the Breast cancer [232]
MAPK/ERK
signaling pathway

7.2. Drug Efflux Pumps and Their Transfer

The potency of cytotoxic drugs is dependent on their ability to accumulate intracellu-
larly in cancer cells. Hence, increased drug efflux is a key factor of chemoresistance. In the
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context of drug resistance, the existence of drug efflux pumps in EVs is significant, not just
because the active sequestration of drugs in EVs may be mediated by both P-gp and ABC
(ATP-binding cassette) transporter G2. EVs that transport the drug-resistance from drug-
resistant to drug-sensitive cells facilitate the in vitro and in vivo promotion of acquired
therapy resistance [79,233]. When compared to their drug-resistant cells, the orientation of
these transporters in some EVs may be inverted, potentially favoring drug influx rather
than efflux into EVs. The existence of selective P-gp/MDR-1 mRNA in EVs produced
from doxorubicin-resistant osteosarcoma cells demonstrates that drug-resistant tumor cells
use various methods to spread resistance to sensitive cells. Furthermore, MDR proteins
are transferred directly to sensitive cells, or the mRNA that encodes them is transferred,
leading to various drug-resistance processes [234].

Many studies have demonstrated the non-genetic acquisition of P-gp, causing drug
resistance or enrichment on this drug efflux pump in EVs released by drug-resistant
cells. These include castration-resistant prostate cancer cells and docetaxel, doxorubicin,
and adriamycin-resistant breast cancer cells [203]. For the first time, this “non-genetic
acquisition” of P-gp in the setting of MDR was demonstrated in a neuroblastoma model,
wherein a drug-sensitive cell line obtained functional P-gp subsequent co-culture with
a drug-resistant equivalent cell line [208]. Moreover, exosomal P-gp transport provided
taxane resistance to prostate and ovarian cancer cells. In contrast, osteosarcoma cells
were found to disseminate their capacity to escape doxorubicin treatment by the EV-
related transfer of MDR-1 mRNA [203]. P-gp is enclosed in the vesicular membrane and
transported to recipient cells (sensitive drug cells), exposing it to their surface [206]. It is
uncertain if the EV cargo is transferred selectively or randomly across cells. Hence, P-gp
was transferred to breast and lung cancer recipient cells via EVs produced by drug-resistant
leukemia cells with no cell-type selectivity [82]. Furthermore, this cargo was found to be
transmitted (together with MRP1 or multidrug-resistance-associated protein 1) to both
malignant and non-malignant sensitive cells.

In contrast, P-gp was exclusively delivered to malignant cells by EVs from breast
cancer cells in vivo [235]. Other drug efflux exporters, such as ABCG2 or ABCA3 (ATP-
binding cassette transporter A3), have been horizontally transmitted by EVs, promoting
cytotoxic agent excretion and modifying chemoresistance in cancer cells [206]. Thus, these
MDR-carrying EVs might be transported to other cells inside the heterogeneous tumor or
stromal cells within the tumor microenvironment, affecting their treatment response.

7.3. Anti-Apoptotic Pathways and Their Development

Apoptosis regulates cell populations during ontogeny and in adult tissues. It is a
well-known process for its role in controlling tissue turnover and homeostasis, in which the
increase of cell populations is countered by regulated cell death. Carl Vogt, a German scien-
tist, first characterized the apoptotic mechanism in 1842, and the name “apoptosis” was
coined by the John Foxton Ross Kerr study in 1972 [236]. Horizontal transmission of partic-
ular bioactive cargo by EVs can potentially affect cell cycle control and apoptotic processes
in recipient cells. Suppression of apoptosis’ tumor-suppressor role resulted in classifying a
distinct type of oncogenes, with BCL2 (B cell lymphoma 2) as the prototypic member, that
might enhance cell survival by inhibiting apoptosis and inflicting an oncogenic imbalance
on the cell birth/cell death equation [237].

Additionally, several cancer types have mutations in the apoptosis effector protease
caspase-8, and the survival pathway PI3K/Akt/mTOR is commonly downregulating in
malignancies [238]. EVs can elicit pro-survival and anti-apoptotic signals in tumor cells,
leading to resistance to a wide spectrum of chemotherapeutics. The PI3K/AKT path-
way is one of the main oncogenic cascades implicated in cancer cell proliferation [239].
Other research has reported EV-mediated drug resistance by targeting apoptosis regula-
tors and encouraging anti-apoptotic pathways in recipient cells, such as the Bcl-2/BAX
signaling [240]. In EVs generated from chronic myeloid leukemia cells, mRNA encoding
inhibitors of apoptosis proteins (IAPs) were discovered [82]. P-gp and microRNAs (miR-
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27a, miR-451, and miR-21) linked to P-gp expression were accumulated in recipient cells
via EVs from drug-resistant chronic myeloid leukemia cells. The inhibitors of apoptotic
proteins XIAP, IAP, and a survivin member of the IAP family of proteins has also been
found in EVs obtained from various tumor types, including cervical and prostate cancer,
and they improve defense against genotoxic stress and proton irradiation [206]. These EVs
caused drug resistance in drug-sensitive recipient breast and lung tumor cells, implying
that drug resistance and apoptosis escape are multiple processes.

7.4. Transfer of Proteins and Lipids

In a recent paper on proteasome variations in EVs obtained from two cisplatin-resistant
and one sensitive oral squamous cell carcinoma cell lines, researchers revealed 77 differ-
entially expressed proteins in EVs from both resistant cell lines, most of which were
dysfunctional and involved in EGFR-associated channels [241]. Multiple EV biogenesis
and function elements have been correlated to lipids, and lipids have also been associated
with EV-mediated drug resistance. Many cancers, notably prostate cancer, have enhanced
absorption and de novo production of cholesterols and cholesteryl esters and the build-up
of triacylglycerol as energy reservoirs. Although EVs are known to transport lipids and
lipid-related proteins, they can influence the function of target cells [242]. Ceramide, which
is involved in EVs’ biogenesis and cargo loading, may potentially have a role in drug
resistance by P-gp [243]. Trajkovic et al. also reported an exosome biogenesis route that
is not dependent on ESCRT (endosomal sorting complex required for transport). It is
mediated by sphingolipid ceramide [244].

Moreover, a lipidomic analysis of EVs recovered from a gefitinib-resistant lung cancer
cell line, its sensitive parent cell line, found variations in the expression of 35 phospholipids.
After subjection to melphalan and bortezomib, the expression of acid sphingomyelinase
from multiple myeloma cell lines was elevated in EVs, which results in transferring a
drug-resistant phenotype to chemo-sensitive cells [245].

8. EVs as a Diagnostic Tool

Developing accurate biomarkers for early cancer detection is essential to minimize
patient mortality. The ideal diagnostic approach would use non-invasive methods to detect
tumor-specific biomarkers during pre-metastatic stages. Body fluid samples, including
circulating tumor cells, tumor DNA, tumor RNA, and EVs, may indeed be unique sources
and excellent biomarkers for cancer diagnosis, in contrast to standard approaches using
biopsies. According to studies, EVs are found in all body fluids and are a significant
source of biomarkers that can identify the state of any pathological disease, including
cancer [246]. Circulating EV miRNAs unique to tumors can be employed as diagnostic
and prognostic biomarkers to detect hepatocellular carcinoma, breast cancer, lung cancer,
gastrointestinal cancer, colon cancer, pancreatic cancer, melanoma, ovarian cancer, and
prostate cancer. According to Taylor and colleagues, serum biomarkers such as miRNA214,
miRNA-205, miRNA-203, miRNA-141, miRNA-200-a, -b, -c, and miRNA-21 are also abun-
dant in sera-derived exosomes of ovarian tumor patients [247]. PDL1 in plasma-circulating
EVs is considerably higher in patients with metastatic melanoma. PDL1 levels on the
surface of circulating EVs correlate with disease progression in melanoma patients, and the
measurement of PDL1 levels in plasma samples allows patients to be stratified based on
disease progression [76]. Glypican-1 (GPC1) levels in the blood have also been proposed
as a possible prognostic and diagnostic biomarker for pancreatic cancer, with EV GPC1
levels being assessed in the blood [248]. When comparing prostate cancer patients’ urine
exosomes to controls, transcriptome profiling revealed increased levels of PCA-3 (prostate
cancer antigen 3 gene) and TMPRSS2-ERG (transmembrane protease serine 2-ETS-related
gene). However, circulating vesicle transcriptome analysis may indicate prostate cancer
malignancy status, due to the diversity of EVs. There are no common markers that can be
applied to all EVs.
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Biomarkers

EVs are becoming more widely recognized as potential diagnostic or prognostic
biomarker sources as they provide non-invasive, near-constant access to circulating infor-
mation on the tumor’s condition [249]. In a study of tumor-derived circulating EVs from
patients who had a poor response to chemotherapy, the breast cancer resistance protein
(BRCP) was shown to be increased at the mRNA and protein levels. MUC1 (known as
mucin 1, cell-surface-associated) was also shown to be co-expressed with BCRP, suggesting
that it might be used as a marker of chemotherapy response [250]. Molecular miRNAs may
be actively released into exosomes and microvesicles. Molecular miRNAs can be taken
up into secondary cells as per the circulating (extracellular) biomarkers [251]. The use of
EV-miR-21 was also investigated as a biomarker in oral squamous cell carcinoma [252].
Castration-resistant prostate cancer responses to treatment are predicted by miR-34a, an
intracellular and exosomal biomarker [251]. MiR-200c-3p, miR-21-5p, and miR-28-5p were
decreased with better immunotherapy responses in lung cancer [253]. Protein biomarkers,
such as CA125 and prostate-specific antigens (PSAs) for ovarian and prostate malignancies,
were the first targets utilized in cancer liquid biopsy [254]. The Food and Drug Admin-
istration (FDA) has authorized ExoDx™ Prostate IntelliScore, the first exosome-based
liquid biopsy test, which analyses exosomal RNA for three distinct biomarkers on urine
specimens: PCA3, TMPRSS2: ERG, and SPDEF (SAM-pointed domain-containing ETS
transcription factor) [255]. SERPINAT1 (alpha-1 antitrypsin) and H2B1K (histone H2B type
1-K) were discovered as promising bladder cancer biomarkers for prognosis using urine
EVs and proteomic data from diseased patients versus healthy persons [256]. Other than
microRNAs, multiple circulating myeloma EV cargoes have been identified as potential
disease biomarkers. Liquid biopsy is a procedure that involves detecting and analyzing
biological markers in a biofluid sample such as blood, urine, cerebrospinal fluid, and
seminal plasma to assess disease and determine therapy choices [257]. It becomes easy
to measure the heterogeneity of the entire tumor and has overcome the barrier of fast
diagnosis via liquid biopsy [258]. The biofluid samples from certain cancer patients, such
as prostate, lung, and ovarian cancer patients, have found high levels of EVs, emphasizing,
therefore, the diagnostic importance of EVs [81], [259-261]. Bioactive molecules on the
EV surface (adhesion molecules, proteoglycans, lipids, and tumor antigens), as well as
molecular content makes up the EV cargo (DNA, mRNA, microRNA, LncRNA, circular
RNA, metabolites, heat shock proteins, enzymes), as shown in Figure 3, and the presence
of these functional properties enhances the overall therapeutic and diagnostic potential of
EVs in cancer therapy [257,262].

Recently, research published by Hoshino et al. used extracellular vesicles and par-
ticles (EVP) to distinguish normal and tumor tissues using machine-learning classifica-
tion of plasma-derived EVP cargo, which showed 90% specificity and 95% sensitivity
in detecting cancer; thus, they proved the usefulness of the EVP markers [263]. Further
research is required in such upcoming techniques to further explore the possible use of
EVs as biomarkers.
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9. EVs as a Tool for Cancer Therapy

Even though cancer is one of the most researched diseases in humans, it has an
unclear pathophysiology, owing to the quite-heterogeneous nature of the disease [264]. EVs,
especially exosomes, provide fresh light into cancer biology and can be used for diagnostic
and therapeutic purposes. EVs impact tumor development, metastasis, and treatment
effectiveness, leading to drug resistance due to cell-to-cell communication. They maintain
their stability at high temperatures and are safeguarded from deterioration through their
lipid bilayer. These characteristics make them suitable biomarkers and drug-delivery
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carriers [265]. Below, we have discussed, in detail, the potential of EVs as a therapeutic tool
to deliver drugs for and treat cancer.

9.1. Drug Delivery Vehicle

The above-cited properties of EVs, such as their small size, the presence of adhesive
compounds on their surface, and their role as biomolecule carriers, make them ideal for
drug delivery [266]. Direct drug loading involves loading drugs directly into an EV with-
out going through EV-derived cells. This technique ensures drug loading accuracy while
reducing other conflicting compounds to a minimum. Conventional chemotherapy drugs
have inadequate targeting and adverse effects. Because of natural exosomes, these EVs can
improve the targeting of chemotherapy drugs. PTX (paclitaxel) is currently the most exten-
sively explored exosomal chemotherapeutic drug. Although PTX has a low water solubility
in clinical applications, it is frequently dissolved in Cremophor EL and ethanol to increase
solubility. Cremophor EL, on the other hand, can produce hypersensitivity responses, such
as hyperlipidemia and red blood cell aggregation, and permanent sensory neuropathy in
the long run [267]. In a study, researchers encapsulated PTX in milk-derived exosomes and
produced continuous PTX release for up to 48 h while maintaining optimal drug stability.
PTX was encapsulated in exosomes and given orally. The systemic and immunogenic
responses were dramatically reduced compared to straight intravenous treatment [268].

EVs have been gaining prominence as new drug-delivery vehicles due to their struc-
tural resemblance to liposomes [269]. Liposomes have demonstrated their efficacy as a
new drug carrier and have been actively used for drug delivery since their composition is
remarkably similar to the cell membrane [270]. Liposomal research has set the groundwork
for the further investigation of their physicochemical characteristics. Although EVs are
naturally formed by cells and can readily transmit the required drugs, they are a superior
alternative and more efficient than liposomes [271]. Exosomes, identical to liposomes, have
a lower loading efficacy (5-50% depending on methodologies) than liposomes with higher
efficacy (30-90% depending on methods). The use of liposome- and exosome-EVs as hybrid
nano-carriers in improved drug-delivery systems has recently been proposed. Sato YT
et al., for example, used the freeze-thaw approach to fuse the membranes of exosomes and
liposomes, resulting in a hybrid exosome. Uptake assays demonstrated that changing the
membrane lipid makeup, or features of foreign lipids in hybrid exosomes, can modify the
associations between exosomes and recipient cells [272].

RNA therapies have much promise since they can alter gene expression; nevertheless,
the large polar RNA molecule cannot cross the cell membrane and is soon digested by
extracellular RNases [273]. Enveloping therapeutic RNA into synthetic nanoparticles or
conjugating RNA to particular ligands targeted to increase absorption are two current
standard techniques for overcoming these limitations. In several investigations, EVs are an
excellent tool for delivering small interfering RN As and other synthetic molecules for ther-
apeutic reasons. In a recent study, electroporation was used to create significant amounts of
MSC-derived EVs loaded with an anti-KRASG12D siRNA, enhancing survival in a mouse
model of pancreatic cancer. However, there is some question about the effectiveness of
electroporation for loading siRNA into EVs [274]. A study revealed that sonication might
deliver oncogenic siRNAs to EVs with high efficiency. EVs were loaded with small RNAs
without aggregation, and these therapeutic EVs were carried up by HEK293T and MCEF-7,
culminating in HER2 knockdown and tumor growth suppression [275].

9.2. EVs as Vaccines

EVs as biological carriers in cancer immunotherapy have recently been explored.
A novel cancer therapy method is using EVs to carry compounds capable of eliciting
an immune response to kill cancer cells. EVs have been investigated for novel cancer
vaccines, either generated from APCs or obtained directly from tumors [276]. Cancer and
immune cell-derived EVs can stimulate recipient cells’ immune systems. Because of various
stimulatory molecules on their surface, including heat-shock proteins and several tumor
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antigens, these cancer-derived EVs are thought to be potential pro-immune elements. There
is a multitude of evidence supporting EVs as strong immunosuppressive agents [277].

Many studies have found dendritic cell-derived exosomes (DEX) to modulate im-
munological responses to cancer. DEXSs stabilize vesicles and are difficult to degrade or
inactivate. DEXs are high in membrane proteins such as major histocompatibility complex
class I (MHC class I), MHC class II molecules, CD63, CD81, and integrin, according to
research, and have a substantial immune activation impact [278]. In in vivo conditions, the
application of EVs as tumor vaccines has demonstrated promising anticancer benefits, and
clinical trials on EVs have yielded promising outcomes. A novel DEX vaccine containing
antigens and matured with either the TLR-3 (toll-like receptor-3) ligand-induced robust
activation of melanoma-specific CD8+ T cells, as well as the selection of cytotoxic CD8+ T
cells, NK, and NK-T cells to the tumor site, resulting in noticeably decreased tumor growth
and improved survival rates [279]. To produce ovalbumin-containing EV antigens in vivo,
plasmid DNA vaccines expressing EV-associated antigens were later employed as vaccines
in mice, either exposed on the surface of vesicles or integrated into membrane-enclosed
virus-like particles [280]. The number of updates on EVs produced from tumors or immune
cells to induce antitumor responses and cancer suppression is growing, apart from the fact
that several studies support tumor EV-driven immune suppression [281].

9.3. EVs in Gene Therapy

Exosomes containing the gene or drug of interest have been isolated from donor cells.
The endosomal pathway, hijacked by viruses and utilized for improved RNA delivery
in vivo, is where exosomes are produced from engineered cells [282]. Many researchers
have spontaneously used the genetic material conveyed by foreign bodies, and many
cancer-related studies have used microRNAs to explore exosomes. Exosome-derived
microRNAs have been shown to stimulate cell motility, inflammation, immunological
response, angiogenesis, invasion, pre-metastatic niche creation, and metastasis by target-
gene transcriptional inhibition [279].

By introducing DNA fragments, miRNA, siRNA, and IncRNA in target cells via viral
vectors such as human immunodeficiency virus (HIV), adeno-associated viruses, or naked
plasmid DNA, gene therapy can reverse aberrant gene expression, induce suicide gene
expression, modulate the immune response, and inhibit angiogenesis [283]. In a study, HEK-
293T cells engineered to express the suicide gene and a protein-cytosine deaminase (CD)
in high levels amalgamated to uracil phosphoribosyl transferase (UPRT). The CD-UPRT
mRNA /protein composite loaded into EVs displayed tumor-cell-killing activity, indicating
that suicide gene-carrying EVs are significantly vital in cancer treatment [284,285]. Den-
dritic cell-derived EVs containing miR-155 and miR-146a may be successfully transferred
across immune cells in vivo and influence the inflammatory response in mammals posi-
tively and negatively, respectively [286]. Moreover, the most intriguing research is that of
Usman et al., who demonstrated that inducing antisense miR-125 lowers the development
of acute myeloid leukemia (AML) in vivo, in addition to proving the benefits of employ-
ing EVs derived from blood cells for gene therapy. This was accomplished by injecting
antisense oligonucleotide into 3.3 x 1012 EVs, which was then injected into tumor-bearing
mice [287]. In recent research, engineered EVs delivering specific RNA oligonucleotides
against Che-1/AATF polymerase were used to limit the possibility of precursor B cell acute
lymphoblastic leukemia [288]. The targeted delivery of DNA plasmid vectors (e.g., the
CRISPR/Cas9 system) to recipient cells is a promising application for therapeutic genome
editing. Hybrid EVs with CRISPR/Cas9 expression vectors, for example, successfully
manipulate genes in mesenchymal stem cells (MSCs) in vivo [289]. In another study, cancer
cell-derived EVs were employed to efficaciously distribute CRISPR/Cas9 plasmids for the
targeted suppression of poly (ADP-ribose) polymerase-1 (PARP-1), which promotes cell
death (apoptosis) in ovarian cancer cells, improving their cisplatin sensitivity [290]. The
role of EVs as biomarkers, in gene therapy and as vaccines, is represented in Figure 3.
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Future Prospects of EVs in Gene Therapy

Gene therapy with EVs is a research topic that is the focus of many companies and re-
searchers worldwide [291,292]. EV mediated gene therapy requires EV engineering, where
different strategies are used to achieve the desired outcomes [293]. Codiak BioSciences,
a biopharmaceutical company, recently reported working on engineered EVs [294]. It
developed ExoIL-12, which is an engineered exosome with a scaffold protein that displays
functional interleukin-12 (IL-12) on their surfaces. IL-12 is a proinflammatory cytokine that
can stimulate the immune system to attack cancer; however, its results for clinical trials
are awaited [294,295]. Another engineered EV, named exoSTING, was developed by the
same company. It has a STING (stimulator of interferon genes) agonist loaded internally,
which expresses exosomal protein PTGFRN to facilitate uptake in specific tumor resident
antigen-presenting cells, or APCs, to generate a local immune response. However, it has yet
to enter phase 3 trials [296,297]. Another engineered exosome is exoASO-STAT6 that uses
the same scaffold but to, instead, attach an antisense oligonucleotide, which is designed
to silence STATS, a transcription factor for tumor-associated macrophages that promotes
cancer progression [298]. Another company, named OmniSpirant THERAPEUTICS, is
developing inhaled engineered EVs based on an inhaled exosome technology platform. As
we know, mutant CTFR genes cause cystic fibrosis. The company is developing engineered
stem cell exosomes that carry the working copy of the CTER gene, which are carried by
the inhaled aerosol to the damaged lung cells. Exosomes deliver the working copy of
the CTFR gene and help to regenerate the lung tissues [299,300]. Carmine Therapeutics,
an EVX Ventures company based in Cambridge, is currently working with EVs of red
blood cells (RBCEVs). In an experiment, they used antisense oligonucleotide (ASO) de-
livered by RBCEVs to treat leukemia. 125b-ASO-loaded RBCEV appeared to inhibit the
uptake of miR-125b, which is an oncogenic miRNA for leukemia, prostate cancer, and
breast cancer. Inhibiting the uptake of miR-125 by the cancer cells resulted in reduced
proliferation. Another experiment showed that a gRNA designed by the same team of
Carmine Therapeutics targeted miR-125b-2 locus with a mutation site in the seed sequence
of the miRNA. After a 2-day treatment of mice with RBCEVs loaded with Cas9 mRNA
and 125b-gRNA, the expression of miR-125b and miR-125a was reduced by 98 percent and
90 percent in MOLM13 cells, respectively [287]. However, there are yet many challenges
with EV-based gene therapy; these may include delivery, targeted treatment, etc. [298].
Thus, further research with existing techniques or innovating new techniques is required to
understand and study the possible use of EVs for gene therapy to treat cancer soon.

10. Conclusions

Various studies in recent years indicate the role of EVs in aiding the tumor microenvi-
ronment. These involve promoting cell proliferation, escaping cell apoptosis, sustaining
angiogenesis, promoting metastasis, etc. It has also been observed that tumor-derived EVs
aid in evading the immune response. Cancer cell-derived EVs transform normal cells into
tumorigenic cells at the epigenetic level because they release cargoes containing DNA and
RNA from the affected cells to the normal cells due to their transformation. Several studies
reveal that the cargoes released from the tumor-derived EVs affect the cell’s metabolism
by altering the pathways to ones that can easily support the tumor microenvironment
during different hallmarks of cancer; for example, the activation of the MAP/ERK pathway
leads to the initiation of the tumor. Other studies also found that EVs associated with
TGEF-f aid the tumor microenvironment in a variety of ways, including the development of
immunosuppressive cell variants, aiding metastasis, and so on. Therefore, the affected EVs
carry cargoes such as miRNA, mRNA, IncRNA, DNA, proteins, lipids, etc., released from
tumor cells to the normal cells resulting in the normal cell’s transformation and aiding the
tumor microenvironment [7].

Decades back, the role of EVs in providing resistance to cancer treatment was unknown.
However, recently, many studies are being conducted, which confirms that EVs released
from tumor cells can greatly impact therapies, mostly chemotherapy, as EVs aid cells to
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develop drug efflux mechanisms. Thus, it prevents the essential drug from moving inside
the cell. EVs also contribute to transforming a drug-sensitive cell into a resistant one. Recent
studies also suggest the development of multiple drug-resistant cells caused by EVs; this
poses a major challenge, because cancer cells become resistant to major anticancer drugs,
invariably leading to chemotherapy failure [200].

On the other hand, EVs are useful since they are a good biomarker for detecting various
kinds of cancer. EVs associated with tumor cells often tend to show some differences from
normal cells, which may help identify or detect cancer cells. In contrast, EVs are also useful
in cancer therapy since cells that have absorbed drugs tend to release EVs that work as a
drug-delivery vehicle and tend to stop cancer [9,266]. Not only this, but EVs are also useful
since they can be used for gene therapy and also as a vaccine [276]. Thus, EVs are both
useful as well as harmful, depending on the nature of the source of the EVs from where
they are released [9,301]. Although there has been much research about EVs and their
possible use, there are also clinical limitations ranging from the isolation, quantification,
dosing, possible uptake assessments, and inappropriate controls, which are all the fields
that need to be further addressed. This can be accomplished through existing techniques or
new techniques and strategies, which need to be put in place [302,303]. Therefore, more
studies are needed to clarify the role of tumor-derived EVs in different hallmarks of cancer;
in contrast, studies are also needed regarding to how the EVs can be positively utilized as
biomarkers and to help stop cancer progression.
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